FtsH is the major thylakoid membrane protease found in organisms performing oxygenic photosynthesis. Here, we show that FtsH from Chlamydomonas reinhardtii forms heterooligomers comprising two subunits, FtsH1 and FtsH2. We characterized this protease using FtsH mutants that we identified through a genetic suppressor approach that restored phototrophic growth of mutants originally defective for cytochrome b 6 f accumulation. We thus extended the spectrum of FtsH substrates in the thylakoid membranes beyond photosystem II, showing the susceptibility of cytochrome b 6 f complexes (and proteins involved in the c i heme binding pathway to cytochrome b 6 ) to FtsH. We then show how FtsH is involved in the response of C. reinhardtii to macronutrient stress. Upon phosphorus starvation, photosynthesis inactivation results from an FtsH-sensitive photoinhibition process. In contrast, we identified an FtsH-dependent loss of photosystem II and cytochrome b 6 f complexes in darkness upon sulfur deprivation. The D1 fragmentation pattern observed in the latter condition was similar to that observed in photoinhibitory conditions, which points to a similar degradation pathway in these two widely different environmental conditions. Our experiments thus provide extensive evidence that FtsH plays a major role in the quality control of thylakoid membrane proteins and in the response of C. reinhardtii to light and macronutrient stress.
INTRODUCTION
Photosynthesis allows the conversion of light energy, captured by chlorophyll-protein complexes, into reducing power (NADPH) and chemical energy (ATP). In oxygenic photosynthesis, the photoinduced reduction of NADP + is performed by a photosynthetic electron transfer chain, which joins three major oligomeric proteins embedded in the thylakoid membranes: photosystem II (PSII), cytochrome b 6 f complex, and photosystem I (PSI). The assembly, degradation and repair of these protein complexes require some coordination in the expression of numerous subunits encoded either in the chloroplast or in the nucleus, to which numerous cofactors such as chlorophylls, carotenoids, hemes, and iron-sulfur clusters must be added. The traffic of these proteins and of their molecular cofactors to their proper destination requires the action of a diverse set of chaperones, assembly factors, and proteases that ensure the proper biogenesis and recycling of these heterooligomeric complexes.
In recent years, the field of chloroplast protease studies has drawn increasing interest because of their role in the response to oxidative stress that results from the reaction of molecular oxygen with radical species, both of which are produced during illumination of the photosynthetic apparatus. Genomic and proteomic studies provided extensive identification of a well-defined set of chloroplast proteases of bacterial origin (reviewed in Sokolenko et al., 2002; Adam et al., 2006; Sakamoto, 2006; Huesgen et al., 2009 ), most of which are encoded by nuclear genes, with the exception of the catalytic subunit ClpP1 of the Clp protease, which is chloroplast encoded. Together with Clp, the Deg and FtsH proteases are the major proteolytic enzymes whose activities have been implicated in the regulation of biogenesis and the repair of photosynthetic proteins. A variety of studies proposed a role of these proteases in PSII repair upon photoinhibition (Lindahl et al., 2000; Majeran et al., 2001; Bailey et al., 2002; Silva et al., 2003; Kapri-Pardes et al., 2007; Kato et al., 2012) . However, we still have limited knowledge of the diversity of their substrates and regulatory functions.
The thylakoid membrane-anchored ATP-dependent protease FtsH is involved in the processive degradation of stroma-exposed thylakoid proteins, both in Arabidopsis thaliana and the cyanobacterium Synechocystis (reviewed in Lindahl et al., 1996; Narberhaus et al., 2009; Rodrigues et al., 2011) . FtsH is a member of the large and diverse AAA+ (for ATPase associated with diverse cellular activities) protein family (Neuwald et al., 1999) . It contains an ATPase domain with Walker A and B motifs and a second region of homology (SRH) with a protease domain displaying a zinc binding motif. FtsH is the only membrane-anchored and essential ATP-dependent protease in Escherichia coli, and it participates in protein quality control for only a few known membrane-bound and cytoplasmic substrates (Suzuki et al., 1997; Herman et al., 2003; Ito and Akiyama, 2005; Narberhaus et al., 2009) . It has been suggested based on study in E. coli that ATPase activity is required for pulling out substrate proteins from the membrane and pushing them into the internal pore of the FtsH ring structure for proteolysis (Ito and Akiyama, 2005) . While FtsH is encoded by a unique gene in most prokaryotes, multiple isoforms are found in plants, algae, and cyanobacteria (see the phylogenetic tree of FtsH homologs in Supplemental Figure 1) . Characterization of the functional contribution of these isoforms has only started and combines in vivo and in vitro approaches. Four FtsH homologs (FtsH1 to FtsH4) are found in Synechocystis sp PCC 6803: FtsH3 copurifies with FtsH2 or FtsH1 in heterohexamers (Boehm et al., 2012) . In Arabidopsis, the 12 nucleus-encoded FtsH family members (FtsH1 to FtsH12) are distributed between mitochondria and chloroplasts; in addition, five Arabidopsis FtsH-like proteins (FtsHi1 to FtsHi5) targeted to the chloroplast envelope lack the conserved zinc binding motif HisGluXxxXxxHis and are presumably inactive as protease (reviewed in Wagner et al., 2012 ; see also Arabidopsis proteome databases [Sun et al., 2009; Ferro et al., 2010] ). Four isoforms have been identified in Arabidopsis thylakoid membranes: two of type A (FtsH1 and FtsH5) and two of type B (FtsH2 and FtsH8; Friso et al., 2004) . The thylakoid enzyme is made of an active heterohexameric ring structure containing type A and B subunits whose accumulation is concerted, with a proposed stoichiometry of two type A and four type B subunits (Zaltsman et al., 2005; Moldavski et al., 2012) or three type A and three type B subunits (Yu et al., 2004; Boehm et al., 2012) . Arabidopsis type A and type B subunits use different membrane insertion pathways (Rodrigues et al., 2011) .
Here, we isolated two mutants in the gene encoding the thylakoidembedded FtsH1 protein in the unicellular green alga Chlamydomonas reinhardtii. These mutants were recovered in a genetic screen to identify proteases that would target cytochrome b 6 f complex to degradation. The cytochrome b 6 f complex differs from bc 1 by an additional c i heme located at the quinone reduction site (Kurisu et al., 2003; Stroebel et al., 2003) . In recent years, we characterized cofactor assembly to complex C subunit B (CCB) factors involved in the covalent binding of c i heme to Cys-35 of cytochrome b 6 in C. reinhardtii (Kuras et al., 1997 (Kuras et al., , 2007 and Arabidopsis (Lezhneva et al., 2008) . Mutants lacking c i heme cannot grow photoautotrophically because they show too little accumulation of a dysfunctional b 6 f complex (Saint-Marcoux et al., 2009 ). This observation provided the basis of a screen for suppressor mutations that affected FtsH and restored higher accumulation of dysfunctional b 6 f complexes to a level sufficient to sustain phototrophic growth.
Here, we show that the thylakoid-bound FtsH protease from C. reinhardtii is mainly found in heterooligomers, larger than 1 MD, comprising two subunits: FtsH1 and FtsH2. Mutation of an Arg residue required for ATP hydrolysis in FtsH1 hampers the integration of the whole FtsH protease in these large supercomplexes and impairs the processive degradation of photosynthetic membrane proteins, especially when they are difficult to unfold. In particular, we investigate the role of FtsH in PSII repair upon C. reinhardtii photoinhibition, described by others in cyanobacteria and plant chloroplasts, but we extend its function to the regulation of PSII accumulation upon macronutrient stress as well as to the quality control of neosynthesized cytochrome b 6 f complexes.
RESULTS

A Genetic Suppressor Approach to Obtaining Protease Mutants in C. reinhardtii
In a previous study (de Vitry et al., 2004) , we had shown that ccb mutants of C. reinhardtii, which are nonphototrophic as a result of their inability to bind c i heme to apocytochrome b 6 , accumulate very low amounts of b 6 f complex subunits. However, Blue Native (BN)-PAGE showed that these remaining subunits still assembled into oligomeric complexes corresponding to cytochrome b 6 f dimers, similar to those found in the wild-type strain. In addition, we gathered preliminary evidence that these b 6 f complexes retained some electron transfer properties, as detected by their fluorescence induction kinetics, which pointed to some reoxidation of the plastoquinol pool under continuous illumination (Saint-Marcoux et al., 2009) .
In a search for phototrophic suppressors, we performed a UV light mutagenesis of nuclear ccb mutants and selected revertants for their ability to grow on minimal medium ( Figure 1A) . Some of these, as illustrated by strain Rccb2-303 ( Figure 1B) , showed wildtype levels of b 6 f complexes together with a restoration of heme c i binding, as viewed by the recovery of a heme-stained cytochrome b 6 upon electrophoresis, whereas others, as exemplified by Rccb2-306 and Rccb4-301 in Figure 1B , still lacked c i heme, despite a wild-type accumulation of cytochrome b 6 f subunits. The latter strains were promising candidates for being protease mutants unable to degrade b 6 f complexes lacking heme c i . In further support of this hypothesis, Figure 1B shows that Rccb2-306 also recovered wild-type levels of CCB4, which was hardly detectable in the original ccb2 mutant, owing to its concerted accumulation with CCB2 (Saint-Marcoux et al., 2009) , and reciprocally, Rccb4-301 recovered some CCB2. We note that CCB2 is detected as a doublet in the absence of CCB4, as we observed previously (Saint-Marcoux et al., 2009) .
In a backcross between Rccb2-306 and the original ccb2 mutant, we observed only parental ditype tetrads with a Mendelian segregation of cytochrome b 6 f accumulation and phototrophy, which indicated that the revertant phenotype was due to a single suppressor mutation in the nuclear genome (Supplemental Figure 2) . The cross between revertant Rccb2-306 and the wildtype strain yielded 2 parental ditype and 10 tetratype tetrads, indicative of an extragenic suppressor mutation, unlinked to the CCB2 gene. We isolated solely the suppressor named Su 1-ccb2 from a tetratype tetrad and characterized its phenotype (Figure 2 ). The suppressor effect of Su 1-ccb2 was confirmed by crossing it back to ccb2 (Supplemental Figure 3) . Figure 2A shows that the contents of cytochrome b 6 f subunits and of CCB2/4 proteins in the suppressor Su 1-ccb2 were undistinguishable from those in the wild-type strain. The photosynthetic electron transfer properties were examined in vivo on dark-adapted cells by fluorescence induction kinetics under continuous illumination, giving initial and steady state fluorescence in the light, followed by a saturating pulse to determine maximal fluorescence (F m ). These values allow calculation of the maximum quantum efficiency of PSII primary photochemistry, (F m 2 initial fluorescence in the light)/F m , denoted F v /F m , and the quantum yield of PSII photochemistry, (F m 2 steady state fluorescence in the light)/F m , denoted FPSII (Genty et al., 1989; Baker, 2008) . The ccb2 mutant could be identified by its fluorescence yield, which rose continuously to a stationary fluorescence level close to F m . The double mutant Rccb2 displayed fluorescence kinetics and FPSII intermediate between those in ccb2 and wild-type strains. When Su 1-ccb2 was grown under low light, F v /F m and FPSII were decreased yet comparable to the wild-type strain, indicative of an efficient photosynthetic electron transfer ( Figure 2B ). However, when grown at higher light intensity, the suppressor mutant Su 1-ccb2 underwent a considerable loss in F v /F m and FPSII, indicative of a nearly complete loss in PSII activity ( Figure 2C ). Its growth under high light was heavily compromised even under mixotrophic conditions ( Figure 2D ), an observation that led us to conclude that the suppressor mutation conferred a highly photosensitive phenotype to the Su 1-ccb2 strain, a feature that we used for map-based cloning and molecular identification of the suppressor mutation.
Map-Based Cloning of the Point Mutation ftsh1-1
The above Su 1-ccb2 phenotype did not offer a selection scheme for identification of the mutation by genetic complementation. Since it was obtained by UV light mutagenesis, it did not allow for the possibility to identify DNA-flanking regions as after insertional mutagenesis. As an alternative method, we used mapbased cloning that relies on crosses of C. reinhardtii with the interfertile species Chlamydomonas grossii (also known as S1-D2 or CC-2290), which has a suitable profusion of genomic polymorphisms to permit the identification of the region bearing a mutation (Rymarquis et al., 2005) . In each of 127 tetrads, we took one progeny carrying the Su 1-ccb2 mutation for linkage analysis to various markers. We localized the suppressor mutation on chromosome 12 in the vicinity of the PSR1 and BDF1 markers (Supplemental Figure 4) . Next, we amplified and sequenced several candidate genes in this region and found a mutation in the gene encoding the protease FtsH1. The Su 1-ccb2 mutation is a CC-to-TT modification leading to a substitution of Gly419 GGC Arg420 CGC into Gly419 GGT Cys420 TGC . In the following, the Su 1-ccb2 strain, which bears this ftsH1-R420C substitution, will be referred to as ftsh1-1. Similarly, the revertant Rccb4-301 harbored an ftsH1-T382I mutation (ftsh1-2) with a Thr382 ACC into Ile382 ATT substitution. Both Su 1-ccb2 and Rccb4-301 displayed a wild-type FTSH2 sequence that encodes the other thylakoidtargeted subunit of the FtsH protease (see below). The mutated Arg and Thr residues are well conserved among FtsH sequences from various organisms and are located, respectively, in or before the SRH domain of the FtsH protein ( Figures 3A and 3B ). Several mutations of the conserved Arg-420 in E. coli were shown to compromise ATP hydrolysis and thereby the protease activity of FtsH homohexamers (Karata et al., 1999 (Karata et al., , 2001 ). (A) Phototrophic growth on minimal medium and mixotrophic growth control on acetate medium at 10 µE m 22 s 21 . (B) Total cell proteins of the wild type, ccb2 and ccb4 mutants, and Rccb2-303, Rccb2-306, and Rccb4-301 revertants grown in acetate medium at 6 µE m 22 s 21 were separated by SDS/urea-PAGE and analyzed by immunodetection with antibodies against cytochrome b 6 f subunits (cytochrome f and cytochrome b 6 ) and CCB factors involved in the covalent binding of c i heme to cytochrome b 6 (CCB2 and CCB4) and by heme peroxidase activity detection using tetramethylbenzamidine. The ftsh1-1 mutation is recessive, as demonstrated by the low accumulation of b 6 f complex subunits observed in vegetative diploids from the cross ftsh1-1 ccb2 arg7 3 FTSH1 ccb2 arg2 (Supplemental Figure 5) . Transformation of the ftsh1-1 and ccb2 ftsh1-1 strains with the vector pSL18 containing FTSH1 genomic DNA (pSL18-FTSH1) under the control of the PSAD promoter (see Methods) showed that FTSH1 can complement the loss of PSII activity upon high-light treatment ( Figures 4A and 4B ) and restore a ccb2 fluorescence phenotype ( Figure 4C ), respectively. Transformation of these strains with an empty vector (pSL18) did not change their fluorescence kinetics, demonstrating that the FTSH1 gene alone was sufficient for complementation. Thylakoid FtsH proteases form various heterohexamers in cyanobacteria (Boehm et al., 2012) and Arabidopsis (Sakamoto et al., 2003; Yu et al., 2004; Zaltsman et al., 2005; Moldavski et al., 2012) . Whereas four isoforms of thylakoid FtsH were identified in Arabidopsis (Zaltsman et al., 2005) , only two thylakoid isoforms, FtsH1 and FtsH2, have been identified by proteomic studies in C. reinhardtii (Allmer et al., 2006) . We raised specific antibodies against peptides from each of these isoforms (see Methods). The immunoblots of Figure 3C show that neither the accumulation of FtsH1 nor that of FtsH2 was compromised in the ftsh1-1 mutant. However, the mutated FtsH1-R420C protein migrates slightly higher than the wild-type FtsH1. We used these electrophoresis conditions, which separate the wild-type FtsH1 protein from the mutated one, to immunodetect their coexpression as a doublet in strains comprising the ftsh1-1 mutation complemented with pSL18-FTSH1 ( Figure 4D ).
To examine whether the ftsh1-1 mutation altered the state of oligomerization of the thylakoid FtsH protease, we combined a mild digitonin solubilization of the thylakoid membranes with two-dimensional BN/SDS-PAGE to identify oligomeric forms of FtsH1 and FtsH2 in C. reinhardtii wild-type and ftsh1-1 strains ( Figure 3D ). The two isoforms, FtsH1 and FtsH2, showed the same migration pattern, being mainly found in either of two populations, the smaller FtsH(S) and the larger FtsH(L) proteins. FtsH(L) is localized in the 1-MD region, as evidenced by its comigration with D1-containing PSII supercomplexes (Heinemeyer et al., 2004) .
The presence of FtsH in PSII complexes was previously reported in cyanobacteria and Arabidopsis and proposed to allow immediate access to damaged D1 and thereby efficient D1 degradation (Kashino et al., 2002; Yoshioka et al., 2010) . However, we could not coimmunoprecipitate PSII subunits with our antibody to FtsH1 (Supplemental Figure 6 ), which suggests either that these high molecular mass complexes merely comigrate in BN-PAGE or that they offer limited accessibility of the FtsH1 antigenic peptide.
FtsH(S) was found in the 150-to 200-kD region and is likely to correspond to an FtsH1/FtsH2 heterodimer. In stark contrast to the wild type, which displayed most of the FtsH1 and FtsH2 isoforms in the FtsH(L) population, up to approximately twothirds of FtsH1 and FtsH2 were found in the FtsH(S) population in the ftsh1-1 mutant. Notably, the PSII supercomplex level was decreased in the ftsh1-1 mutant, in line with data on the Arabidopsis FtsH2 (var2) mutant . The similar distribution patterns of FtsH1 and FtsH2 suggested an interaction between the two within heterooligomers, which was confirmed by coimmunoprecipitation with purified antibodies against a peptide of FtsH1 that does not cross-react with FtsH2 ( Figure 3E ). In both the wild-type strain and the ftsh1-1 mutant, FtsH2 was pulled down together with FtsH1. Therefore, the phenotype of the ftsh1-1 mutant results from the expression of a defective enzyme that is still made of FtsH1/FtsH2 heterooligomers. However, the ftsh1-1 mutation prevents the integration of most of the FtsH1/FtsH2 heterodimers in larger supercomplexes.
The Accumulation and Lifetime of Cytochrome b 6 f Complexes Lacking c i Heme Are Highly Increased in the ftsh1-1 Context
The suppressor strategy that led us to the identification of the ftsh1-1 mutant suggested that the assembled b 6 f complex is a substrate for the FtsH protease. We combined, by genetic crosses, the ftsh1-1 mutation with the {petB-C35V} mutation, which prevents covalent binding of heme c i to cytochrome b 6 and leads to a low accumulation level of cytochrome b 6 f complexes (de Vitry et al., 2004) . As was the case for the ccb2 ftsh1-1 mutant, the double mutant {petB-C35V} ftsh1-1 now accumulated wild-type levels of b 6 f complex subunits (compared with lanes 0 of the single and double mutants in Figure 5 , right side). The accumulation of cytochrome b 6 f subunits in mutants defective for c i binding in the ftsh1-1 mutated context is due to a decrease in their rate of degradation, as also shown in Figure 5 . After blocking protein synthesis in the chloroplast with chloramphenicol at time 0, we observed (over the 8-h time span of the immunochase experiment) that the lifetime of cytochrome b 6 and subunit IV showed a considerable increase when the ftsh1-1 mutation was introduced into strains containing a mutation that impedes the binding of c i heme, as exemplified by the ccb2 and {petB-C35V} mutations ( Figures 5A and 5B ). This result demonstrates that the higher accumulation of b 6 f complexes in the double mutants is due to their lower rate of degradation. We attribute the limited degradation of b 6 f complexes still occurring in the double mutants to some residual FtsH activity and/or to other proteases (see Discussion).
The ftsh1-1 Mutation Increases PSII Sensitivity to Photoinhibition, Prevents PSII Repair, and Leads to the Accumulation of D1 Fragments Photoinhibition, a common feature of light stress in plants, algae, and cyanobacteria, occurs when the rate of light-induced damage to PSII exceeds the repair capacity. The repair of PSII involves partial disassembly of the damaged complex, selective proteolytic degradation and replacement of the damaged subunit (predominantly the D1 reaction center subunit) by a de novo synthesized copy, and reassembly. In plants and cyanobacteria, FtsH regulates PSII repair, through its ability to digest photooxidatively damaged D1 proteins, either alone in cyanobacteria or in combination with Deg proteases in plants (reviewed in Nixon et al., 2010) . The role of FtsH during algal photoinhibition is unclear, and the role of FtsH and the possible contribution of chloroplast Deg proteases to this process has not been confirmed experimentally. The ftsh1-1 mutant enabled us to address these issues.
To explore further the strong decrease in F v /F m upon higher light exposure and the photosensitive growth phenotype of the ftsh1-1 mutant observed in Figures 2C and 2D , we monitored PSII activity by measuring the F v /F m during a mild photoinhibition treatment (250 mE m 22 s 21 ) and a subsequent recovery under low light (6 mE m 22 s 21 ). The addition of inhibitors of chloroplast translation, lincomycin and chloramphenicol (LC), prevents D1 synthesis and permits the discrimination of photodamage from repair. As shown in Figure 6A , the ftsh1-1 mutation dramatically increased PSII sensitivity to a mild photoinhibition: over a 1-h illumination period with photoinhibitory light, the loss in variable fluorescence was more extensive and developed faster ( Figure 6A , inset) in the mutant than in the wild type, and most of the functional recovery was prevented in a subsequent low-light illumination period, irrespective of inhibitor addition. The means and SD of PSII activity recovery after 1.5 h were 63% 6 12% for the wild type and 19% 6 8% for the ftsh1-1 mutant (three independent experiments). This lack of recovery is similar to what was observed in the wild-type strain when D1 synthesis was inhibited and thus delineates the important role of FtsH in the PSII repair cycle during algal photoinhibition.
Using antibodies against the DE loop or the C terminus of D1 ( Figure 6B ), we probed the fate of full-length D1 protein and the accumulation of D1 fragments in the same experiment, using longer exposure times of the immunoblots for proper detection of fragments ( Figure 6C ). Full-length D1 did not decrease during photoinhibition and recovery in the wild type or ftsh1-1 unless translation inhibitors were added during the experiment (LC condition). In the latter condition, the loss of D1 was more extensive in the wild type than in the mutant, as viewed when probed with either of the two antibodies. However, D1 fragments accumulated mainly in the ftsh1-1 mutant. They were detected around 23 kD with the anti-D1 DE loop (Figures 7B and 8B) and in the 16-to 20-kD and 6-to 10-kD regions with the anti-D1 C terminus. We note that the 6-to 10-kD D1 fragments were particularly abundant in ftsh1-1 and even could be well detected before photoinhibitory treatment ( Figure 6C ). We quantified the content in D1 upon photoinhibition by chemiluminescence using the D1 C-terminal antibody and OEE2 as a loading control when repair was prevented by the addition of translation inhibitors (LC condition). The fraction of full-length D1 degraded over 4 h was 53% in the wild type and 35% in ftsh1-1. When using the D1 DE loop antibody, we observed a similar increase in degradation of full-length D1 in the wild type as compared with the ftsh1-1 mutant, with an additional 17% of full-length D1 being degraded in the wild type only. C-terminal epitopes recovered in D1 fragments amounted to 20% of total initial D1 (full-length plus fragments) in the ftsh1-1 mutant, which indicates that D1 fragmentation was actively occurring in these experimental conditions. Thus, the defective activity of the FtsH protease impairs the degradation of damaged D1 and leads to some accumulation of D1 fragments. We note that the total amount of antibody-recognized C-terminal epitopes, borne by D1 full-length protein and fragments, decreased by 20% in the mutant in the LC condition, suggesting either that some degradation of the D1 C-terminal fragments still occurs or that there is some processive degradation of D1 that does not result in the production of D1 C-terminal fragments. A residual FtsH activity in the mutant may account for either of these two processes.
PSII Inactivation upon Phosphorus Starvation Is the Result of Enhanced Photoinhibition
Interestingly, impaired PSII activity also has been reported when C. reinhardtii is subjected to macronutrient stress, namely upon phosphorus and sulfur starvation (Wykoff et al., 1998; Zhang et al., 2002) . In both cases, a loss of PSII proteins upon starvation was found responsible for PSII inactivation. The fact that the light intensity used in these experiments was ;80 mE m 22 s 21 suggested to us that a photoinhibitory effect might have developed, since macronutrient deprivation would lower the photosynthetic ability to fix carbon. If such was the case, we predicted that the ftsh1-1 mutant, being unable to repair damaged D1, would be more sensitive than the wild type to these nutrient stresses and that PSII inactivation would only occur in the light.
We first subjected the ftsh1-1 mutant to phosphorus starvation for 96 h either under illumination of 80 mE m 22 s 21 or in the dark. The cell response marker to phosphorus deprivation, (D) Total cell proteins were separated on an 8% polyacrylamide gel in the presence of 8 M urea and analyzed by immunodetection with specific antibodies against FtsH1. Strains ftsh1-1 and ccb2 ftsh1-1 were complemented with FTSH1 genomic DNA (pSL18-FTSH1) or as a control with empty pSL18 vector (pSL18). (A) Immunochase of ftsh1-1, ccb2, and ccb2 ftsh1-1 mutants. Immunochase was performed in the presence of 100 mg mL 21 chloramphenicol, an inhibitor of the translation of chloroplast genes. Total cell proteins were loaded at the chlorophyll constant, separated by SDS/ urea-PAGE, and blotted onto a polyvinylidene difluoride membrane. The blot was stained with Coomassie blue (CB) and analyzed by enhanced chemiluminescence immunodetection with antibodies against cytochrome b 6 f subunits and the nucleotide exchange factor GrpE. (B) Immunochase of the wild type and the {petB-C35V} and {petB-C35V} ftsh1-1 mutants in the same conditions as in (A). Note that for better comparison of the content in cytochrome b 6 f subunits between mutants, shorter times of exposure of the immunoblots are shown at the bottom part of each panel.
alkaline phosphatase (PHOX; Hallmann, 1999; Moseley et al., 2006) , was induced in the light as well as in the dark in both the wild-type and ftsh1-1 strains (top of Figures 7B and 7D) . At 80 mE m 22 s 21 , the ftsh1-1 mutant showed a more rapid and much larger loss in PSII activity than the wild type, as determined by their respective changes in F v /F m ( Figure 7A ) and a net decrease in the content of full-length D1 in the mutant at the late stage of starvation, probed with the D1 N-terminal antibody ( Figure 7B, top) . We then overexposed immunoblots reacted with D1 antibodies to the DE loop and C terminus to examine the pattern of accumulation of D1 fragments upon phosphorus starvation under 80 mE m 22 s 21 in the ftsh1-1 mutated context. This pattern was similar to the one observed upon photoinhibition, showing an increased accumulation of D1 fragments, around 23 kD and in the 16-to 20-kD and 6-to 10-kD regions ( Figure 7B ). When phosphorus starvation was performed in the dark, both the ftsh1-1 and wild-type strains preserved PSII activity over a period of 96 h ( Figure 7C ), and neither of them showed any accumulation of D1 fragments ( Figure 7D) . These results clearly demonstrate that compromised photosynthetic activity upon phosphorus starvation merely results from enhanced photoinhibition. When the ftsh1-1 mutant was starved of sulfur under illumination of 80 mE m 22 s 21 over 96 h, it showed a larger PSII inactivation than the wild type ( Figure 8A ). This observation suggests, here again, an efficient FtsH-dependent repair process upon sulfur starvation of C. reinhardtii wild-type cells, similar to the repair upon photoinhibition. Indeed, the decrease in D1 content during sulfur starvation was far more pronounced in the mutant than in the wild type ( Figure 8B ).
However, there were marked differences with regard to phosphorus starvation or a regular photoinhibition process: the cytochrome b 6 f complex, as probed with an antibody against the Rieske protein subunit, was now targeted to degradation in the two strains, and the drastic degradation of full-length D1 in the ftsh1-1 mutant was accompanied by a transient overaccumulation of D1 fragments at 21 h of starvation, which were subsequently disposed of. Whereas at a late stage of sulfur starvation there was a general decrease in protein content in the mutant, as shown by the decreased content in the cell response marker to sulfur deprivation, SLT2 (Pootakham et al., 2010) , and the b-subunit of CF1 ( Figure 8B ), we noted that the other subunits of the PSII core, D2 and CP47, better resisted degradation than D1. This result raised the question of whether D2 and CP47 were in a disassembled state or perhaps still assembled with fragmented D1 in the ftsh1-1 mutant. We assayed this hypothesis by two-dimensional BN/SDS-PAGE of dodecyl-maltoside-solubilized membranes isolated after 39 h of sulfur starvation ( Figure 8E , bottom). We found that fragmented D1 remained assembled within PSII monomers and reaction center cores lacking CP43 (RC47) in the ftsh1-1 mutant. This finding is in line with what has been reported for the Arabidopsis FtsH2 (var2) mutant after 1 h of extreme high-light exposure at 2500 mE m 22 s 21 (Kato et al., 2012) . We note that, before starvation, PSII supercomplexes were far more abundant in the wild type than in the ftsh1-1 strain ( Figure 8E , top), as also was suggested by the analysis of digitonin-solubilized membranes ( Figure 3D ).
We also examined the behavior of the wild type and the ftsh1-1 mutant when sulfur starvation was performed in photoautotrophic conditions, under an illumination of 80 mE m 22 s 21 in the absence of the carbon source acetate. Both strains showed a delayed loss in PSII activity and downstream electron transfer (Supplemental Figures 7A to 7D) . They also showed a retarded induction of the sulfate transporter SLT2, probably due to their slower growth and lower sulfur consumption in minimal medium (Supplemental Figures 7E and 7F ). To further understand to what extent photoinhibitory processes contributed to the loss of PSII upon sulfur starvation, we performed the same starvation experiments in complete darkness. To our surprise, wild-type cells showed a more dramatic inactivation of PSII ( Figure 8C ), which was now accompanied by a net loss of D1 and D2 proteins. Thus, the repair process that was efficient in the light ( Figures 8A and 8B ) was either heavily compromised in the dark or unable to make up for higher rates of PSII degradation ( Figures 8C and 8D ). That the process of PSII degradation in the dark was widely different from the one operating under illumination was demonstrated by the behavior of the ftsh1-1 mutant, which preserved fully active PSII when starved of sulfur in the dark (Figures 8C and 8D) . SLT2 was induced upon sulfur depletion in the dark in the two strains, indicating that the differences in PSII degradation should not be attributed to an absence of signaling of sulfur deficiency in the ftsh1-1 mutant. The cytochrome b 6 f complexes were degraded in the wild type starved of sulfur in the dark, as they were under 80 mE m 22 s 21 , but this degradation in the dark was now largely FtsH dependent, since the ftsh1-1 mutant showed very limited cytochrome b 6 f degradation in contrast to its behavior in the light (Figures 8B and 8D) .
The accumulation pattern of D1 fragments upon sulfur starvation of the ftsh1-1 mutant in the dark also differed from the one observed upon photoinhibition, with an absence of 23-kD fragments ( Figure 8D ). This is consistent with the previously characterized light-induced production of a 23-kD D1 fragment as a substrate of the thylakoid FtsH protease (Lindahl et al., 2000) . Importantly, the 6-to 10-kD and 16-to 20-kD fragments still accumulated in the dark. We also note that sulfur starvation induced extensive accumulation of D1/D2 oligomers of high molecular weight in the dark but not in the light in the ftsh1-1 mutated context only (Supplemental Figure 8 ).
Finally, we tested whether increased expression in some other major chloroplast proteases would have occurred upon FtsH inactivation, which would explain the more pronounced PSII degradation in the ftsh1-1 mutant upon sulfur deprivation in mixotrophic conditions. We used antibodies against FtsH1/ FtsH2, stromal ClpP1, lumenal Deg5, and stromal membraneassociated SppA1 to probe the content of major chloroplast proteases in wild-type and ftsh1-1 cells starved of sulfur in the presence or absence of acetate (Supplemental Figures 7E and  7F ). The patterns of accumulation were rather similar for the two strains, indicating that there was no upregulation of the probed proteases in the FtsH-defective mutant. Sulfur starvation caused a rapid loss in Deg5 and ClpP1 in the two strains and some processing of SppA1 in mixotrophic conditions only. FtsH and SppA1 were better preserved than Deg5 and ClpP1 when sulfur starvation was performed in the absence of acetate, especially in the ftsh1-1 mutant (Supplemental Figure 7F) . A concerted accumulation of PSII subunits that make up an active PSII protein has been demonstrated to result from a posttranslational regulation leading to the proteolytic disposal of unassembled subunit D2 and CP43 and a downregulation of the translation of subunit D1 or CP47, which are control by epistasy of synthesis (CES) subunits (de Vitry et al., 1989; Minai et al., 2006) . We crossed the ftsh1-1 nuclear mutant to chloroplast mutants with a deleted PsbC (CP43) gene or harboring a premature stop codon in PsbA that leads to the expression of a truncated and labile D1. We found no evidence that the mutation ftsh1-1 rescued the accumulation of the other PSII subunits when PSII assembly was compromised in these mutants (Supplemental Figure 9 ). To assess whether this protease also determines the lifetime of unassembled subunits of the cytochrome b 6 f complex, most of which are subjected to rapid degradation, with the exception of cytochrome f, which is a CES subunit (Kuras and Wollman, 1994; Choquet et al., 1998) , we tested whether the mutation ftsh1-1 rescues the accumulation of cytochrome b 6 in the absence of cytochrome f and vice versa. To this end, we crossed the nuclear ftsh1-1 mutant with chloroplast mutants lacking either the petA gene, encoding cytochrome f, the petA and petD genes, the latter encoding subunit IV, or the petB gene, encoding cytochrome b 6 . The accumulation of unassembled cytochrome b 6 showed a limited but noticeable increase in an FtsH-defective context ( Figure 9A ), whereas unassembled cytochrome f, whose decreased accumulation is due to a decreased translation initiation according to the CES process, proved, as expected, insensitive to the status of the FtsH protease ( Figure 9B ). In these experiments, the level of accumulation of subunit IV in the absence of its assembly partners remained below detectable levels.
DISCUSSION The Thylakoid FtsH Protease of C. reinhardtii Forms Heterooligomers Comprising FtsH1 and FtsH2
The C. reinhardtii nuclear genome encodes six members of the FtsH family distributed between the mitochondria (Atteia et al., 2009 ) and the chloroplast and three FtsH-like proteins (FHL1 to FHL3) that retain a complete AAA+ domain but lack the zinc binding motif (reviewed in Schroda and Vallon, 2009 ; see phylogenetic tree of FtsH proteins in Supplemental Figure 1 ). Only two isoforms have been identified in C. reinhardtii thylakoid membranes: FtsH1 (type A) and FtsH2 (type B; Allmer et al., 2006) . Our two-dimensional BN/SDS-PAGE and coimmunoprecipitation experiments demonstrate that FtsH1 also forms heterocomplexes with FtsH2 in C. reinhardtii ( Figures 3D and  3E ). FtsH(L), however, has a much larger apparent molecular mass than expected for a heterohexamer (;410 kD, to which should be added a digitonin contribution that has a micellar mass of ;70 kD). Such large FtsH-containing complexes, around or above 1 MD, were previously observed in E. coli, yeast mitochondria, and Arabidopsis mitochondria, where they also include prohibitin-like proteins whose function remains unclear (Steglich et al., 1999; Saikawa et al., 2004; Piechota et al., 2010) . Similar high molecular mass FtsH-containing complexes were described in Synechocystis (Boehm et al., 2012) with a transient or detergent-sensitive association with prohibitinlike proteins (Boehm et al., 2009 ). Thus, the thylakoid enzyme from C. reinhardtii shows a similar but simpler subunit composition than its counterpart from Arabidopsis, which assembles four distinct FtsH isoforms. We cannot exclude that some FtsH1 and/or FtsH2 may form homohexamer complexes, although homomeric structures are thought to be less likely to exist since they are less stable, as modeled by Moldavski et al. (2012) .
The ftsh1-1 Mutation Largely Impairs FtsH Olimerization and Should Affect ATP Hydrolysis in the C. reinhardtii FtsH Protease
Here, we generated, by a genetic suppressor approach, an FtsH mutant in C. reinhardtii, which we named ftsh1-1. It carries a mutation in the FtsH1 gene that substitutes a well-conserved Arg, Arg-420, in the SRH domain by a Cys residue ( Figures  3A and 3B ). Arg-420 was first proposed to form an Arg finger (Karata et al., 1999) , which should coordinate the g-phosphate of a bound ATP and contribute to its hydrolysis through stabilization of the transition state of the reaction, as described in GTPase-activating proteins (Ahmadian et al., 1997) . Indeed, several mutations of the two SRH-conserved Arg residues in E. coli were shown to compromise ATP hydrolysis and thereby protease activity (Karata et al., 1999 (Karata et al., , 2001 ). Arg-420 from C. reinhardtii corresponds to the second SRH-conserved Arg, Arg-315, in E. coli, which was proposed to be located at hydrogen bonding distance of the g-phosphate of bound ATP to the adjacent subunit in the dimeric crystal structure of the apoFtsH AAA domain of E. coli (Krzywda et al., 2002; Ogura et al., 2004) . However, in the hexameric crystal structures of ADP-FtsH lacking the transmembrane domain, it is the other conserved Arg, FtsH1-R417 in C. reinhardtii, that was proposed to form an Arg finger in the thermophilic bacterium Aquifex aeolicus (Suno et al., 2006) , while the conserved Arg residue corresponding to C. reinhardtii FtsH1-R420 is localized at the intersubunit interface, where it could contribute to the oligomerization of the enzyme by its participation in a salt bridge with a conserved Asp residue from the same subunit in the thermophilic bacterium Thermotoga maritima (Bieniossek et al., 2006) . Indeed, the ftsh1-1 mutant still displays wild-type amounts of the two FtsH isoforms ( Figure 3C ) with an altered oligomerization pattern ( Figure 3D ). We observed, however, a well-preserved interaction between FtsH1 and FtsH2, as shown by coimmunoprecipitation ( Figure 3E ). The striking increase in the proportion of FtsH1 and FtsH2 found in FtsH(S) in the ftsh1-1 mutant ( Figure 3D ) is consistent with an accumulation of FtsH1/FtsH2 heterodimers due to the location of the mutation at the intersubunit interface. This Arg/Cys amino acid substitution would loosen the formation of the FtsH hexamers and hamper their integration with partner proteins, or substrates, in larger heterooligomers, resulting in a higher yield of FtsH heterodimers. As the ClpX hexameric unfoldase of the AAA+ protein family was shown to retain some function even if only one subunit could hydrolyze ATP (Martin et al., 2005) , ATP hydrolysis by wild-type FtsH2 subunits in ftsh1-1 heterocomplexes may allow some digestive power. We conclude that these changes in oligomerization and probably also in ATP hydrolysis deeply affect the protease and unfoldase activities, leading to a lower quality control of partially assembled or misassembled complexes that are particularly difficult to unfold.
Degradation of Unassembled Subunits from the Cytochrome b 6 f Complex or the PSII Protein Complex Still Occurs with High Efficiency in the ftsh1-1 Mutated Context
The above conclusion that the ftsh1-1 mutation may prevent the unfolding of substrates for degradation rather than proteolysis itself is consistent with its very limited effect on the accumulation level of unassembled subunits from the cytochrome b 6 f complex and the PSII complex. For instance, D2 and CP43 showed no increased accumulation when the ftsh1-1 mutation was introduced in a strain showing premature termination of D1 that prevents PSII core assembly (Supplemental Figure 9B) , thus leading to proteolytic disposal of these subunits (Minai et al., 2006) . Similarly, subunit IV was still efficiently degraded in the ftsh1-1 mutated context whether cytochrome f or cytochrome b 6 was missing (Figure 9 ). We noted, however, some increase in the accumulation of unassembled cytochrome b 6 when the activity of FtsH was compromised, which suggests that unfolding of holocytochrome b 6 may facilitate its degradation ( Figure 9A) . However, the ftsh1-1 mutant did not show any increase in the accumulation of the partially assembled PSII subcomplex D2/D1/CP47 in a mutant lacking CP43 (Supplemental Figure 9A) , which is at variance with the effect of a knockout of the FtsH gene (slr0228) in Synechocystis, which stabilized various PSII assembly (A) Double mutants obtained by crosses of the nuclear ftsh1-1 mutant with chloroplast mutants deleted for either the petA gene, encoding cytochrome f, or the petA and petD genes, the latter encoding subunit IV, accumulated more cytochrome b 6 when cytochrome f was missing than the {DpetA} and {DpetAD} mutants. Total cell proteins were separated by SDS/urea-PAGE and analyzed by immunodetection with antibodies against cytochrome b 6 f subunits (cytochrome f, cytochrome b 6 , and subunit IV) and the ATP synthase b-subunit (b CF1) as a loading control. (B) Unassembled cytochrome f when cytochrome b 6 is missing, as in the {DpetB} mutant context, was insensitive to the presence of the ftsh1-1 mutation.
intermediates in PSII mutants lacking CP43 or impaired in the assembly or stability of the manganese cluster . Although we cannot fully exclude a residual FtsH activity that would degrade these unassembled, or partly assembled, subunits in the ftsh1-1 mutated context, we tentatively attribute these differences to the lower protein quality control in cyanobacterial thylakoid membranes when compared with C. reinhardtii chloroplasts . In particular, crippled PSII complexes are less efficiently degraded in Synechocystis (de Vitry et al., 1989; Vermaas, 1998) than in photosynthetic eukaryotes. These observations suggest the presence of an as yet unidentified additional housekeeping protease that degrades these subunits in the thylakoid membranes of C. reinhardtii.
FtsH Is Involved in Quality Control and the Regulation of Accumulation of Cytochrome b 6 f Complexes and CCB Proteins
The first suggestion of a cytochrome b 6 f subunit degraded by FtsH was the unassembled Rieske iron-sulfur protein imported into isolated chloroplasts in vitro (Ostersetzer and Adam, 1997) . The involvement of FtsH in cytochrome b 6 f degradation in vivo is demonstrated here with the identification of the ftsh1-1 mutant by the present genetic suppressor strategy. In marked contrast to the continued degradation of the cytochrome b 6 f subunits when a subunit is absent (Figure 9 ), a diversity of labile c i heme-deficient cytochrome b 6 f complexes proved resistant to degradation in the ftsh1-1 mutated context. They ranged from site-directed substitution of the Cys involved in the binding of the c i heme ( Figure 5 ) to site-directed substitution of the His ligand of the b h heme (Malnoë et al., 2011) and to mutants in the CCB heme binding pathway (Figure 2 ). These observations demonstrate that FtsH operates as a major quality control protease that recognizes altered conformations in cytochrome b 6 f assemblies to trigger their degradation through the combined action of its unfoldase and proteolytic activities. A similar situation may prevail in Saccharomyces cerevisiae mitochondria, where FtsH proteases with the catalytic site facing the matrix (m-FtsH) Yta10/Yta12 have been described as involved in maturase-dependent intron splicing of cytochrome b transcripts. However, when using an intronless mitochondrial genome where cytochrome b synthesis was not affected, m-FtsH was shown to contribute to posttranslational bc 1 complex assembly and degradation (Guzélin et al., 1996; Arlt et al., 1998; Van Dyck and Langer, 1999 ). As we report here for sulfur starvation ( Figures 8B and 8D ) and elsewhere for nitrogen starvation (Bulté and Wollman, 1992; Wei et al., 2013) , FtsH has a prominent role in regulating the accumulation level of cytochrome b 6 f complexes upon these macronutrient stresses in low light or in the dark.
We also found that degradation of unassembled CCB4 in the absence of CCB2 (and vice versa), both of which are transmembrane proteins involved in the c i heme binding pathway to cytochrome b 6 (Saint-Marcoux et al., 2009 ), proved to be regulated by FtsH ( Figure 1B ), in line with our report elsewhere (Wei et al., 2013 ) of a global role for FtsH in the degradation of photosynthetic complexes and their assembly factors.
The ClpP protease also has been demonstrated to play a role in cytochrome b 6 f degradation in C. reinhardtii (Majeran et al., 2000) , as does Deg1 on cytochrome b 6 in Arabidopsis (Zienkiewicz et al., 2012) . However, Clp and FtsH may have distinct actions on the degradation of cytochrome b 6 f complexes, since a Clp-deficient mutant was unable to protect b 6 f complexes from degradation in mutants lacking c i heme (Majeran et al., 2000) , while the ftsh1-1 mutation did so ( Figure 5) .
Here, we observed a cytochrome b 6 f degradation process that was selectively activated in sulfur-deficient conditions. Cytochrome b 6 f was degraded in the light but not in darkness in the ftsh1-1 mutant, suggesting the action of some additional protease upon illumination. Steady state levels of the chloroplast proteases that we probed, including ClpP1 and Deg5, were rather reduced upon sulfur starvation in the light, but we cannot rule out that some proteases might have better access to cytochrome b 6 f or be activated by oligomerization in the light in these starvation conditions.
FtsH1 Regulates the Degradation of PSII upon Photoinhibition and Phosphorus and Sulfur Starvation
In cyanobacteria, FtsH has mainly been studied for its role in D1 degradation (reviewed in Nixon et al., 2010; Komenda et al., 2012) and the removal of other damaged or unassembled PSII proteins Boehm et al., 2011) . In one study, FtsH was also shown to contribute to the regulation of PSI amounts (Mann et al., 2000) . The mechanism for D1 protein degradation is not fully elucidated, but it is known to involve the reaction of damaging reactive oxygen species, partial disassembly of the PSII complex to form the RC47 complex, and the action of several proteases, notably FtsH, that selectively remove damaged D1 (reviewed in Edelman and Mattoo, 2008; Komenda et al., 2012) . The best-documented function of FtsH in thylakoid membranes is in this PSII repair cycle (reviewed in . A model for the photoinhibition of cyanobacteria has been proposed in which damaged D1 is removed by FtsH heterohexamers, with degradation proceeding from the N terminus of D1 in a highly processive manner without the requirement of any other proteases (reviewed in Nixon et al., 2010) . In particular, photoinhibition studies with the DhtrA/hhoA/hhoB triple mutant, defective for the three genes encoding Deg proteases in Synechocystis sp PCC6803, showed that Deg proteases are not required for the removal of damaged D1 protein during the PSII repair cycle when exposed to high light intensity . These results are in contrast to several photoinhibition studies performed with Arabidopsis showing that PSII protein turnover required both the involvement of FtsH and Deg/Htr proteases (Itzhaki et al., 1998; Kapri-Pardes et al., 2007; Sun et al., 2007) . High-light treatment was reported to increase the expression of Deg/Htr and FtsH types of proteases in Arabidopsis (SinvanyVillalobo et al., 2004) , to raise the level of FtsH hexamerization and unstacking of thylakoids (reviewed in Yoshioka and Yamamoto, 2011) , and to activate the lumenal Deg protease, based on in vitro experiments showing its hexamerization upon acidification (Kley et al., 2011) . Thus, a model for D1 degradation in the chloroplast was proposed in which Deg proteases act as endoproteases fragmenting D1 and FtsH proteases act as exoproteases processively degrading D1 and its fragments (reviewed in ). The reason why cyanobacterial FtsH would be capable of processive degradation of the whole D1 protein from the stromal side, while the ability of its homolog in the chloroplast is far reduced, may rest in the difference in subunit composition of FtsH from the two types of organisms as well as from the embedment of chloroplast D1 in grana membranes, where it has increased interaction with transmembrane antenna proteins and lumenal oxygen-evolving enhancer subunits (for further discussion, see Edelman and Mattoo, 2008) .
Here, in agreement with previous photoinhibition studies from vascular plant chloroplasts and cyanobacteria, we showed that the ftsh1-1 mutation increased PSII sensitivity to photoinhibition and impaired proteolytic degradation and replacement of D1 by a de novo synthesized copy (Figure 6 ). There is a striking similarity in the fate of D1 in the ftsh1-1 mutant when subjected to light stress or phosphorus starvation under moderate illumination, both of which lead to PSII inactivation in C. reinhardtii (Wykoff et al., 1998; Zhang et al., 2002) . Here, we have demonstrated that, indeed, compromised photosynthetic activity upon phosphorus starvation was mainly due to enhanced photoinhibition (Figure 7) . In contrast, PSII inactivation upon sulfur starvation cannot be attributed solely to photoinhibition, since it develops even more strongly when sulfur starvation is performed in complete darkness. Since PSII inactivation and D1 degradation in the ftsh1-1 mutant are markedly increased upon sulfur starvation in the light but fully prevented when performed in darkness (Figure 8 ), one could consider a light-induced upregulation of ClpP when FtsH activity is defective, as recently demonstrated (Kato et al., 2012) . Although we did not detect more ClpP in ftsh1-1 than in the wild-type strain in these conditions (Supplemental Figure 7E) , we cannot exclude an upregulation of ClpP activity through changes in its state of oligomerization, substrate accessibility, or ATP availability.
FtsH1 Regulates the Degradation of PSII by Removing D1 Fragments
A clear consequence of the inactivation of FtsH in the ftsh1-1 mutant was the detection of D1 fragments upon photoinhibition, which suggests that primary endoproteolytic cuts occurred in the mutant but that their processive degradation by FtsH was inhibited ( Figure 6C) . According to what has been proposed for plant chloroplasts, there could be a joint action of Deg and FtsH proteases in the degradation and repair of D1 upon photoinhibition of C. reinhardtii. Indeed, the set of chloroplast Deg proteases is similar in Arabidopsis (lumenal Deg1, Deg5, and Deg8 and stromal Deg2, Deg6, Deg7, Deg9, and Deg16) and in C. reinhardtii (lumenal Deg1A, Deg1B, Deg1C, Deg5, and Deg8 and stromal Deg2, Deg7, and Deg9; Huesgen et al., 2009; Schroda and Vallon, 2009; Sun et al., 2010) . The model of , derived from studies with Arabidopsis, predicts the production of Degdependent fragments whose apparent molecular mass and epitope content match nicely to those we detected with the two distinct D1 antibodies we used (Supplemental Figure 10) .
The physiological significance of the Deg-dependent D1 degradation pathway has been under debate (for discussion, see Edelman and Mattoo, 2008; Komenda et al., 2012) . Is it synergistic with FtsH, or is it an escape pathway that supplements the FtsH-mediated one to accelerate D1 degradation under photoinhibitory conditions? We conclude that in our experimental conditions, when the function of FtsH is impaired, the Deg pathway would be rather active, with 20% of the C-terminal epitopes of D1 being found in its fragments ( Figure 6C ).
We note, however, that most of these fragments accumulated to a limited extent. This could be due to a negative feedback inhibition of the Deg proteases by the accumulation of these early D1 degradation products whose stroma-exposed domains are not processed by FtsH. This is consistent with the observation that the only degradation product that accumulates extensively in the ftsh1-1 mutant is in the ;6-kD region, where the C-terminal fragment of D1, which is lumen localized, should be found. This fragment differs from all the others in that it should never have access to the stroma-located proteolytic chamber of FtsH in a wild-type context and, therefore, should not be degraded by FtsH. Its increased production in the ftsh1-1 mutant, as compared with the wild type, probably results from the slower digestion of D1 products by FtsH, thus releasing more 6-kD fragments in the lumen.
A conspicuous feature of the various PSII degradation processes upon macronutrient starvation, whether it be phosphorus or sulfur starvation under moderate illumination or sulfur starvation in the dark, is the production of D1 fragments in the ftsh1-1 mutated context. With the exception of the 23-kD fragment, which is detected only upon illumination and serves as a diagnostic of photoinhibition, as suggested previously (Lindahl et al., 2000) , the D1 fragmentation patterns upon macronutrient stress ( Figures 7B, 8B , and 8D) are very similar to one resulting from photoinhibition ( Figure 6C) , with a group of fragments accumulating in the 16-to 20-kD and 6-to 10-kD regions. These observations strongly suggest a contribution of the Deg protease family to the degradation of D1 upon nutrient stress as they do upon photoinhibition. Indeed, Degs were also proposed to contribute to D1 degradation under stress conditions by cleaving cross-links to neighboring proteins . A modest expression increase in lumenal Deg1C in C. reinhardtii has been found upon phosphorus and sulfur starvation (Zhang et al., 2004; Moseley et al., 2006) , and a 3-fold increase of the transcript level of stromal Deg2 upon sulfur starvation in the light in the wild-type strain was also observed (González-Ballester et al., 2010) . Here, however, we detected a net decrease of the amount of chloroplast proteases upon sulfur depletion in the presence of acetate (Supplemental Figure  7E ). In the latter experimental conditions, D1 fragments transiently overaccumulate in the ftsh1-1 mutant ( Figure 8B ), which supports a degradation pathway in which Deg proteases produce a first set of early endoproteolytic cuts that can be continued only once the resulting D1 fragments are themselves degraded by processive proteases such as FtsH.
It is of note that light-induced oxidative damage to D1 should not be considered as a prerequisite for the activation of its degradation by the combined effects of FtsH and Deg proteases, since D1 degradation yields the same 16-to 20-kD and 6-to 10-kD fragments when operating in the dark in sulfur stress conditions ( Figure 8D ). However, the activation of the Deg proteases in the lumen has been shown to be triggered by the high DpH formed in the light (Kley et al., 2011) . How they are activated in the dark remains unclear unless a high proton gradient is present during sulfur starvation in the dark, an issue that needs to be addressed in the future.
Enhanced Degradation of PSII upon Sulfur Starvation in the Dark Is Fully FtsH Dependent
That PSII degradation was dramatically enhanced when sulfur starvation was performed in the dark was unexpected ( Figure 8D ). In this case, PSII degradation became a fully FtsH-dependent process. The rationale for this targeted degradation of PSII in darkness upon sulfur starvation remains unclear. It is not a consequence of functional damage to PSII complexes, since the ftsh1-1 mutant, which does not degrade PSII, displays a fluorescence pattern with a high F v /F m typical of active PSII centers ( Figure 8C ). It should not be aimed either at scavenging sulfur, since most of the sulfur-containing cofactors for photosynthesis are found within PSI and not in association with PSII. Interestingly, we noted a spectacular increase in the accumulation of D1/D2 oligomers in the ftsh1-1 mutant relative to the wild type when deprived of sulfur in the dark (Supplemental Figure 8) . Similar cross-linking products or adducts had been reported previously either during a light stress or in the dark when a heat or oxidative stress was applied (reviewed in Yamamoto et al., 2008) . The accumulation of these oligomers in the dark during a nutrient stress is highly unusual and raises the question of how they are formed. These oligomers may be the privileged substrate for PSII degradation by FtsH upon sulfur stress in the dark. Being resistant to other proteases, they might be a form of active PSII, which is worthy of further investigation.
The mechanism of activation of this degradation pathway is unknown and might be related to sulfur stress-induced expression of chaperones. Indeed, it has been shown in E. coli that chaperones can facilitate degradation by FtsH (Rodriguez et al., 2008) . The chloroplast DnaJ chaperone Atg8, induced in darkness and stabilized by FtsH (Chen et al., 2011) , is thus a good candidate for being involved in the dark-activated and FtsHdependent degradation of PSII upon sulfur deprivation.
METHODS
Phylogenetic Analysis
Multiple sequence alignment was performed using ClustalW2.1 (Larkin et al., 2007) with default parameters followed by manual editing. After removing ambiguously aligned N-and C-terminal regions, 639 sites were retained for the phylogenetic analysis (Supplemental Data Set 1). The best-fit amino acid substitution model was determined using ProtTest2.4 (Abascal et al., 2005) . The best-fit model was the Le-Gascuel model (Le and Gascuel, 2008) supplemented with a g distribution for rate variations among sites (LG+G). The tree was reconstructed by the maximum likelihood method based on the LG+G model using RaxML7.2.6 (Stamatakis, 2006) . Statistical support for nodes was assessed with 1000 bootstrap replicates.
Chlamydomonas reinhardtii Strains, Growth Conditions, and Genetic Methods C. reinhardtii mutants have been described previously and were as follows: ccb, {petB-C35V}, {petB-H202Q}, {petB-H187G}, {DpetB}, {DpetA}, {Fud34}, {Fud7}, {D1TR}, arg7, and arg2 (Eversole, 1956; Matagne, 1978; de Vitry et al., 1989 de Vitry et al., , 2004 Kuras and Wollman, 1994; Kuras et al., 1997 Kuras et al., , 2007 Minai et al., 2006) . Cells were grown at 25°C in Tris-acetate-phosphate (TAP) medium or, when indicated, in minimal medium lacking acetate, pH 7.2, under dim light at 6 mE m 22 s 21 and collected during the exponential phase at 2 3 10 6 cells mL 21 . Plasmid pDpetA-D was constructed by ligating the ScaI-PstI fragment of 4296 bp of plasmid pDpetA (Kuras and Wollman, 1994) bearing the DpetA deletion with the ScaI-PstI fragment of 2134 bp of plasmid pKfDpetD bearing the DpetD deletion and containing the aadA cassette conferring spectinomycin resistance. Plasmid pDpetA-D was transformed by the biolistic method into C. reinhardtii wild-type strain (Boynton et al., 1988; Kuras and Wollman, 1994) . Nonphotosynthetic {DpetAD} transformants were screened in the dark on TAP-agar-spectinomycin medium, and homoplasmy was checked by RNA gel blotting for the absence of PETA and PETD mRNA as described with probes derived from coding sequences (Eberhard et al., 2002) . UV light mutagenesis on ccb strains to obtain phototrophic revertants was performed as described (Li et al., 1996) . Plasmid pSL18-FTSH1 was constructed by ligating the NdeI/XbaI-digested fragment of 3.5 kb (partially digested to avoid cutting the NdeI site in FtsH1g) of the amplified PCR-coding phase of FtsH1 genomic DNA, adding the NdeI site before and the XbaI site after the coding sequence, with the NdeI/XbaI-digested fragment of 6069 bp of vector pSL18 (Depège et al., 2003) carrying an expression cassette composed of the PSAD promoter and polyadenylation site and a paromomycin resistance cassette. Plasmids pSL18-FTSH1 and pSL18 were transformed by the electroporation method (Shimogawara et al., 1998) into C. reinhardtii ftsh1-1 and ftsh1-1 ccb2 mutants. Transformants were screened on TAPagar-paromomycin medium in the presence of 10 mg mL 21 paromomycin and analyzed by fluorescence; the expression of wild-type FtsH1 was checked by immunodetection. Crosses were performed and vegetative diploids were isolated according to published protocols (Harris, 1989) .
Map-Based Cloning of Su 1-ccb2
The C. reinhardtii Su 1-ccb2 mutant was crossed with the interfertile species Chlamydomonas grossii, which shows suitable profusion of genomic polymorphism (Rymarquis et al., 2005) . In each of 127 tetrads, we took one progeny carrying the Su 1-ccb2 mutation, as identified by its photosensitivity, for linkage analysis to various markers by a PCR method. The primers were used in a single reaction and generated PCR products that differ in size for the C. reinhardtii or the C. grossii allele and were assayed directly on an agarose gel to distinguish alleles.
PCR Detection of the Wild-Type FTSH1 Allele DNA templates were purified from a pin point of C. reinhardtii cells resuspended in 10 mL of water to which was added 10 mL of ethanol and 80 mL of 5% Chelex 100 molecular biology-grade resin (Bio-Rad) and incubated for 8 min at 95°C. One-microliter samples were used in 10-mL reactions performed in a thermocycler (PTC-200; MJ Research) in a PCR buffer containing 1 M betaine, high-fidelity buffer, and polymerase (PCR extender system; 5PRIME). The FtsH1-WTS allele-specific primer 59-CTGCTGCGCCCCGGCC-39 was used for the amplification of wild-type FTSH1 genomic DNA with reverse FtsH1-A3 primer 59-CGCCCCTTATG-CAGTGCG-39. At the stringent annealing temperature of 65°C, these primers allowed the detection of the wild-type FTSH1 allele by specific amplification on genomic DNA of an FtsH1-WTS/FtsH1-A3 product of 277 bp (Supplemental Figure 11) .
Chlorophyll Fluorescence Analysis
Fluorescence kinetics were performed with a home-built fluorometer and fluorescence camera (Johnson et al., 2009) by using exponential phase cultures maintained in aerobic conditions by vigorous agitation in the dark before the experiments. Fluorescence was triggered by continuous actinic light at 590 nm. F m values were determined in the presence of 10 mM DCMU, an inhibitor of the PSII acceptor side, or by a 250-ms saturating flash delivered between two 150-ms probe pulses, delivered 300 ms apart. Means and SD of two independent experiments for each starvation condition are given.
Protein Isolation and Immunoblot Analysis
For polypeptide analysis, cells were resuspended in 200 mM 1,4-DTT and 200 mM Na 2 CO 3 and solubilized in the presence of 2% SDS at 100°C for 50 s. Polypeptides were separated by SDS/urea-PAGE on 12 to 18% SDS-polyacrylamide gels in the presence of 8 M urea (de Vitry et al., 1989) , except when indicated differently. Heme peroxidase activity was detected by using 3,39,5,59-tetramethylbenzidine (Thomas et al., 1976) or on blots by using chemiluminescence (de Vitry et al., 2004) . Proteins were electrotransferred onto Immobilon NC membranes (Westran S membranes; GE Healthcare) in a semidry blotting apparatus at 0.8 mA cm 22 for 45 min. Rabbit-specific antibodies against peptides of FtsH1 (DFGRSKSKFQEV-PET) or FtsH2 (QVSVDLPDQKGRLEI) were produced and purified by peptide affinity by Eurogentec. For immunodetection by the chemiluminescence method (GE Healthcare), we used antisera against cytochrome b 6 , cytochrome f, cytochrome b 6 f subunit IV, cytochrome b 6 f iron-sulfur Rieske protein, PSII extrinsic subunits OEE2 and OEE3, SLT2 (Agrisera AS07 244), and GrpE at a 1:10,000 dilution; ATP synthase CF1 and F1 b-subunit at a 1:100,000 dilution; LhcbM5 (LHCII) at a 1:20,000 dilution; PSII subunits CP43, CP47, and D2 (Agrisera AS06 146) and ClpP1 at a 1:5000 dilution; D1 C terminus (Agrisera AS05 084) at a 1:100,000 dilution; PHOX and D1 DE loop (Agrisera AS10 704) at a 1:8000 dilution; D1 N terminus (Agrisera AS11 1786) at a 1:5000 dilution; FtsH1 of Arabidopsis thaliana at a 1:80,000 dilution; FtsH1 and FtsH2 of C. reinhardtii at a 1:5000 dilution; Deg5 (Agrisera AS10 703) at a 1:2500 dilution; and CCB2 and CCB4 at a 1:300 dilution.
BN-PAGE and Immunoprecipitations
Membranes were fractionated from sonicated cell lysates (Saint-Marcoux et al., 2009) . All steps up to the second dimension analysis were performed at 4°C. Prepared membranes were resuspended in 50 mM Bis-Tris, pH 7.0, 750 mM aminocaproic acid, 0.5 mM EDTA, supplemented with 13 complete EDTA-free protease inhibitor mixture (Roche) at a final chlorophyll concentration of 0.75 mg mL 21 . For PSII complex fractionation ( Figure 8E ), membranes were solubilized by 3% (w/v) freshly prepared n-dodecyl-b-Dmaltoside for 10 min on ice. Supernatant was collected after centrifugation in a TLA-100 rotor (Beckmann Coulter) at 279,000g for 10 min. For FtsH complex fractionation ( Figure 3D ), membranes were solubilized by 4% (w/v) freshly prepared digitonin for 30 min at 4°C, and supernatant was collected after centrifugation at 16,110g for 30 min. For each sample, 10 mL of supernatant (corresponding to 5 mg of chlorophyll) complemented to 0.5% Coomassie Brilliant Blue G 250 was loaded on a precast 3 to 12% NativePAGE Bis-Tris gel (Invitrogen). Electrophoresis was performed with cathode buffer (50 mM Tricine, 15 mM Bis-Tris, pH 7.0, and 0.04% Coomassie Brilliant Blue G 250) and anode buffer (50 mM Bis-Tris, pH 7.0) for 20 min at 50 V and then 2 h at 150 V. For the denaturing second dimension analysis, strips cut from the first dimension gel were incubated at room temperature for 15 min in 2% SDS, 66 mM Na 2 CO 3 , and 0.67% b-mercaptoethanol and applied on 12% ( Figure 8E ) or 8% ( Figure 3D ) SDSpolyacrylamide gels containing 8 M urea for separating PSII subunits and FtsH subunits, respectively. After electrophoresis, protein content was detected by immunoblotting. For immunoprecipitation ( Figure 3E ), antibodies and preimmune serum were coupled to protein A-Sepharose beads (Schroda et al., 2001 ). The coupled beads were washed twice in 50 mM Bis-Tris, pH 7.0, 750 mM aminocaproic acid, and 0.5 mM EDTA with 0.25% digitonin and incubated with digitonin-solubilized membranes (prepared as for BN-PAGE) for 1 h at 4°C. Afterward, the coupled beads were washed three times in the previous solution followed by two washes in 10 mM TrisHCl, pH 7.5. Immunoprecipitated proteins were recovered by boiling the beads in 2% SDS and 12% Suc for 50 s. After centrifugation, the supernatant was complemented to 0.1 M DTT and 0.1 M Na 2 CO 3 and analyzed by SDS-PAGE. Protein gel blots of immunoprecipitated samples were detected using horseradish peroxidase-conjugated protein A instead of horseradish peroxidase-conjugated secondary antibodies to decrease the background (Lal et al., 2005) .
Photoinhibition
Strains to be compared were diluted from precultures to equal cell densities and cultured for an additional 15 h before photoinhibition (Schroda et al., 1999) . Cells at 2 3 10 6 cells mL 21 were transferred to 500-mL Erlenmeyer flasks, and these were placed onto equally illuminated spots of a rotary shaker below LEDs. Inhibitors of the translation of chloroplast genes (500 mg mL 21 lincomycin and 100 mg mL 21 chloramphenicol) were added or not just before photoinhibition. Cells were photoinhibited at 23°C for 1 h at 250 mE m 22 s 21 . During the light treatment, the temperature of the cultures remained constant. Recovery of photosynthesis was allowed to take place at 6 mE m 22 s 21 .
Nutrient Starvation
Precultures were grown at 25°C in TAP medium, pH 7.2, at 6 mE m 22 s 21 or in the dark for nutrient starvations, respectively, in the light or in the dark. For phosphorus starvation, cells of precultures in the exponential phase were washed twice in TAP phosphorus-deprived medium, resuspended at 5 3 10 5 cells mL 21 , illuminated at 80 mE m 22 s 21 or maintained in the dark, washed again, and resuspended to 10 6 cells mL 21 after 2 d (Wykoff et al., 1998) . For sulfur starvation, cells of precultures in the exponential phase were washed twice in TAP sulfur-deprived medium, resuspended at 5 3 10 5 cells mL 21 , and illuminated at 80 mE m 22 s 21 or maintained in the dark (Wykoff et al., 1998; Zhang et al., 2002) . For comparison of sulfur starvation at 80 mE m 22 s 21 in the presence and absence of acetate, precultures were grown at 25°C in TAP medium at 6 mE m 22 s 21 followed by 15 h at 80 mE m 22 s 21 before sulfur starvation. Cells of precultures in the exponential phase were collected, washed twice in TAP sulfur-deprived medium or in minimum sulfur-deprived medium, resuspended at 5 3 10 5 cells mL 21 , and maintained at 80 mE m 22 s 21 .
Accession Numbers
Sequence data from this article can be found in GenBank/Swiss-Prot database under the following accession numbers: Cr-FtsH1, EDP05335.1; Ec-FtsH, AAA23813.1; and Tm-FtsH, Q9WZ49.1.
Supplemental Data
The following materials are available in the online version of this article. Total cell proteins of two tetratype tetrads (T) grown on acetate medium at 6 µE m -2 s -1 were separated by SDS/urea-PAGE and the segregation of cytochrome b 6 f complex accumulation is monitored by immunodetection of cytochrome f (Cyt f) and cytochrome b 6 (Cyt b 6 ) using ATP synthase  subunit ( F1) as loading control. Su 1-ccb2 ccb2 progeny (in green) has a wild-type accumulation of b 6 f subunits with cytochrome b 6 lacking covalent heme c i while ccb2 progeny (in orange) accumulates very low amounts of b 6 f subunits. When cytochrome b 6 contains covalent heme c i , it shows up as a diffuse band; when it lacks covalent heme c i , it shows up as a doublet band under these SDS/urea-PAGE conditions. This correlation is demonstrated in Figure 1B by showing immunoblot of cytochrome b 6 together with the heme peroxidasic activity assay using tetramethylbenzamidine. The wild-type genomic DNA FTSH1 allele is specifically amplified with FtsH1-WTS and FtsH1-A3 primers as a 277 bp product. PCR products of wild-type, ftsh1-1 and a tetrad progeny from a wild-type and ftsh1-1 cross were separated on a 1% agarose gel together with a 100 bp DNA ladder.
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